Additively manufactured perforated superstrate (AMPS) is presented to realize directive radio frequency (RF) front-end antennas. The superstrate comprises spatially distributed dielectric unitcell elements with square perforations, which creates a pre-defined transmission phase delay pattern in the propagating electric field. The proposed square perforation has superior transmission phase characteristics compared to traditionally machined circular perforations and full-wave simulations based parametric analysis has been performed to highlight this supremacy. The AMPS is used with a classical electromagneticbandgap resonator antenna (ERA) to improve its directive radiation characteristics. A prototype is developed using the most common, low-cost and easily accessible Acrylonitrile Butadiene Styrene (ABS) filament. The prototype was rapidly fabricated in less than five hours and weighs 139.3 g., which corresponds to the material cost of only 2.1 USD. The AMPS has remarkably improved the radiation performance of ERA by increasing its far-field directivity from 12.67 dB to 21.12 dB and reducing side-lobe level from −7.3 dB to −17.2 dB.
I. INTRODUCTION
The principles of refraction and reflection of electromagnetic waves, implemented through specially designed structures, have been used to develop a range of wave-manipulating artefacts [1] - [4] . An advancement in this regard has been reported recently where the phase of the electric-near field is tailored to enhance the far-field directivity of low-to-medium gain antennas and for steering antenna beam [5] - [7] . The real advantage of performing phase transformation in the nearfield region is that the phase-manipulating structure or surface is placed at a sub-wavelength spacing from the electromagnetic radiator and does not greatly increase the maximum height of the overall system [8] .
In recent years, almost all of the near-field phasetransforming structures developed for directive radiofrequency (RF) front-end antennas for applications like point-to-point communication and satellite communication The associate editor coordinating the review of this manuscript and approving it for publication was Kai-Da Xu . are designed using traditional subtractive manufacturing (SM) techniques such as CNC machining or printed circuit board technology [9] - [17] . In SM, pieces of material is removed from a solid block of a dielectric to obtain desired geometry [16] - [18] , while PCBs are developed using multiple layers of RF laminates [13] - [15] , [19] . The former method is expensive, time consuming, and more importantly requires delicate setup for brittle materials such as ceramics. The material and manufacturing cost associated with multilayered PCBs is at least few hundred dollars even for a moderate size aperture required for mediumgain antennas. A technological solution, considered as a leap forward in manufacturing industry is additive manufacturing (AM), which is also known as 3D printing [20] - [22] . The AM is highly sustainable, easily accessible and environment friendly technique [23] , [24] , as it involves very little material loss compared to traditional subtractive manufacturing (SM) methods. This advanced manufacturing technique has been tipped as a fail, fast-fail cheap technology, as quick discovery of ideas leads to swift and ideal solutions [25] , [26] .
The proposed design makes use of AM to develop an extremely low-cost and planar near-field phase transforming structure, which is used as a superstrate of a base antenna and hence referred to as additively manufactured perforated superstrate (AMPS).
In the AMPS, the size of the perforation in a plastic material is varied across the aperture to introduce specific phase distribution pattern into the electric field radiated by a base antenna. The plastic material used for the AMPS is first characterised using dielectric probe kit for RF losses. A unique aspect of AMPS is that it comprises square cylinder perforation (SCP), which are extremely difficult, if not impossible, to sculpt with the traditional SM. Furthermore, introduction of variable perforations in homogenous dielectric to form superstrate, yields a planar geometry which alleviates losses due to shadow blockage observed with non-planar structures used in high-gain applications [17] , [27] .
The rest of the paper is organized as follows. In Section II, the transmission characteristics of infinitely extended perforated dielectric material is first explained in a unit-cell element type configuration. The effect of perforation on the effective relative permittivity and transmission phase shift of the dielectric material is investigated in Section III. A design example of a porous superstrate is presented in Section IV of the paper. Measured results of the design example are reported in Section V, along with a discussion on the critical parameters of the fabrication process. Finally, a conclusion is given in Section VI.
II. PERFORATED DIELECTRIC
An electromagnetic wave experiences a transmission phase delay when it travels through a medium. In a dielectric medium, the phase delay depends on the relative dielectric constant of the host dielectric material and can be controlled by varying its composition. With a dielectric material having a relative dielectric constant of ε r , any desired dielectric constant value between ε 0 and ε r can be achieved by introducing air inclusions or perforation within the dielectric [28] , [29] . The perforated dielectric with air is similar to adding air as an impurity in a host dielectric, where the volume of the impurity controls the effective relative permittivity of the resulting material.
The perforation, traditionally, is introduced by drilling holes of various sizes in a dielectric material. The effect of a perforated dielectric strongly depends on the geometry of the perforation, for example the circular and square cylindrical perforations shown in Fig. 1 and Fig. 2 , respectively. The two figures show sections of dielectric materials, which are periodically repeating and for this reason are referred to as unit-cell elements following the terminology used in [30] . Each unit-cell element is a square cylinder having a fixed lateral size and height denoted by a and h, respectively.
The first unit-cell element has a circular cylinder perforation (CCP) of diameter b while the second unit-cell element has an SCP perforation of lateral size b. Both perforations run along the length of the unit-cell element, i.e. h(z-axis). Perforations are named as CCP and SCP because in a plane perpendicular to propagation of electromagnetic wave (xyplane) they have circular and square shape, respectively. Since the volume of perforation can be varied, the effective dielectric constant of both unit-cell elements along the zaxis can be controlled. Furthermore, the scattering characteristics of perforated dielectric materials can be related and matched to equivalent unperforated homogenous dielectric materials [31] . The parameters of equivalent homogenous dielectric material can be calculated by taking volumetric average of the perforation and the dielectric material in the unit-cell element [15] .
For a clear understanding, consider a cross section of a CCP or SCP based unit-cell element in Fig. 3 (a) and its equivalent homogenous dielectric in Fig. 3 (b). The equivalent effective relative permittivity or ε reff can be calculated using a generic expression:
The generic equation (1) can be used to express the effective relative permittivity of a unit-cell element, having CCP and SCP; by calculating the volumes of their perforations from physical sizes, it can be expressed for the two cases as
The effect of the perforation type on the ε reff value is quantified with specific examples in the following section.
III. PERFORATION SHAPE EFFECT ON MATERIAL CHARACTERISTICS
One of the prime reasons to use AM technology is the limitations of standard machining that has constrained product design for years. Use of AM allows us to build geometries that have been difficult or impossible to fabricate. This includes: modelling of holes that change direction, unrealistic overhangs, or square interior cavities, is now possible and actually simple to construct using 3D printing [32] . Simulationbased comparative analysis was performed for CCP and SCP. A readily available 3D printable dielectric ABS was used for this investigation, which has a relative dielectric constant of 2.8 or ε d = 2.8. A unit-cell element of lateral size 6.4 mm (or a = 6.4 mm) and height 25 mm (or h = 25 mm) was modelled with periodic boundary conditions in Computer Simulation Technologies (CST) Microwave Studio. The fullwave simulations were used to predict the transmission characteristics of the unit-cell element at the operating frequency of 11.0 GHz. For CCP and SCP, the lateral dimension of the perforation or b was varied between 0 and 6.4 mm with a step of 0.05 mm. The effective relative permittivity for each of the unitcell elements is analytically calculated for each step using (2) and (3). Additionally, both unit-cell elements are simulated using periodic-boundary conditions, along the two lateral directions, with CST Microwave Studio. Periodic boundaries were used to characterise transmission of the unit-cell elements for ideal plane-wave transmission. The transmission phase is predicted against the perforation sizes using full-wave simulations. The transmission phase predicted by numerical simulations and the effective relative permittivity values calculated analytically for the two unit-cell elements are plotted in Fig. 4 and Fig. 5 , respectively.
For the case when b = a in SCP, the whole region of unitcell element is occupied with air, hence ε reff = ε a = 1. This, however, is not possible with CCP where the lowest achievable effective relative permittivity is 1.39, or ε reff = 1.39. Similarly, the range of transmission phase shift through unit-cell element having SCP is more than that of CCP. It can be observed in Fig. 5 that SCP offers a 217.5
• transmission phase shift, compared to CCP with 172.5
• . Table 1 compares ε reff and the transmission phase shift offered by both unit-cell elements for various values of b. So, from a parametric study it is evident that, by varying size of perforation through the dielectric block, a transmission phase shift can be achieved, and SCP offers a superior shift compared to other geometries.
The main reason behind the superior transmission phase shift for SCP is that a large perforation volume can be achieved with SCP in a unit-cell element, which results in completely removing dielectric from the unit-cell element. On the other hand, even for the largest perforation size in CCP, there is still dielectric material at the four corners of the unit-cell element. Because of the ability of SCPs to offer superior phase shift and effective relative permittivity range, they are more suitable for spatial phase-transformation applications. Apart from perforation size, height of unit-cell element is another factor on which phase transformation range is dependent. In this case height of 25 mm was selected because its will suffice to get phase transformation range to realize AMPS which is discussed in next section.
IV. DESIGN EXAMPLE
Although any electromagnetic radiation source can be used to test the performance of AMPS like microstrip-antenna, horn or slot antenna, ERA is considered here, due to its severe phase non-uniformity, and its simple configuration and non-complex feed mechanism. ERAs, are also known as Fabry-Perot cavity antennas, resonant cavity antennas or 2D leaky-wave antennas The classical ERAs comprise a resonant cavity, formed between a ground plane of a feed antenna and a reflecting superstrate [16] , [33] . The spacing between the ground plane and the superstrate is set around λ o /2, where λ o is the free-space wavelength, for the cavity to resonate at the operating frequency. In a different approach, fully reflecting surfaces have been proposed to be used in the ERAs's configuration, which can also contribute to a better side-lobe levels as explained in [34] , [35] .
It is reported that a non-uniform aperture phase distribution in the electric near-field restricts the far-field directivity of classical ERAs despite having a large lateral size [36] , [37] . Such an undesirable phenomenon limits the application of ERAs by degrading the antenna's directive radiation characteristics. This sub-optimal directive characteristic can be totally removed by the introduction of AMPS.
A configuration of classical ERA designed to operate at 11 GHz is shown in Fig. 6 . The ERA used a printed patch as the feed antenna, having an extended ground plane. An unprinted all-dielectric slab made of Rogers TMM4 (ε r = 4.5) is used as a partially reflecting superstrate (PRS). It has a thickness of 3.175 mm and it is placed at a spacing of 14.1 mm (≈ λ o /2) from the ground plane. The PRS has octagonal geometry with a maximum lateral dimension of 115.2 mm. To quantify the phase non-uniformity on the antenna's aperture, a hypothetical plane named the Input Phase Plane (P-IN) is considered in the nearfield and 8.5 mm above the PRS; this is illustrated in Fig. 6 . Hypothetical P-IN can be set at any height as it is introduced to probe phase error on the FIGURE 6. A Perspective view of ERA with two hypothetical planes, in the direction of propagation, used for sampling radiated electric field phase. The proposed superstrate is placed between the two hypothetical planes.
aperture of antenna but it should be closer to PRS to reduce overall height of the structure. A parallel plane referred to as the Output Phase Plane (P-OUT) needs to be defined, where a relatively planar phase response is expected after the introduction of the AMPS. A grid of 18 × 18 cells is considered on the P-IN to record the dominant component of the E-field at discrete points above the aperture. The grid size of 18 × 18 elements is chosen to discretize the aperture field distribution of the ERA and depends upon severity of the phase error of antenna. Grid with large inter-element spacing does not accurately quantify the aperture field distribution. Contrary to it, smaller inter-element spacing will result in AMPS with continuous surface, which is relatively complex to fabricate. So particular size of 324 grid elements is chosen which results in intermediate element size, which accurately qualifies the aperture field distribution and is easy to fabricate as well. Each cell in the grid has a square geometry with a size of 6.4 mm (≈ λ o /4). The input phase values (ϕin) are then recorded at the center of each grid cell to calculate the required phase delay. According to the phase data captured in the P-IN, there is an approximate circular symmetry of the phase distribution on the ERA's aperture, so 9 concentric circular arrays of cells are used as 9 phase transformers in the AMPS configuration. The nine phase transformers are then selected using the proposed SCP geometry presented in Section II. To do this, an arbitrary phase value in P-OUT (ϕ out ) is used as a reference phase to quantify the phase error by (9) throughout the aperture. The phase error associated with each of 9 regions will be cancelled by placement of the AMPS between the P-IN and P-OUT. Detailed physical views and analysis of unit-cell element is explained in [8] , [9] and is not mentioned here for brevity.
In (4), ϕ is calculated by setting ϕ out to 0 and using ϕ in as the phase value captured at the centre of each cell in P-IN. Table 2 lists the values of ϕ in at the centre of each grid cell in the aperture, and the corresponding required transmission phase shift ( ϕ) based on which 9 SCP values are selected using Fig. 4 . The nine cells are then arranged in a circular manner as shown in in Fig. 7 (a) to realize the AMPS, Fig. 7 (b) illustrates a 3D view of AMPS. The • is reduced to 18
• , as shown in Fig. 8 and Fig. 9 . It has been mentioned earlier that for maximum perforation size (b = 6.4 mm), CCP offers transmission phase shift of 172.5
• , which is lesser than aperture phase error of ERA under consideration. But using CCP equivalent transmission phase shift can be achieved with perforation size of 5.75 (b = 5.75 mm). This highlights superiority of CCP over perforations of other geometries that can be introduced in unit-cell element. After attaining the desired simulation results, the AMPS deign was fabricated using the AM technique.
V. FABRICATION AND MEASUREMENTS
A simulated model was exported as STL file using CST Design Studio for additive manufacturing, and Simplify3D software was used for slicing the imported file. For slicing, layer height was set to 0.2 mm, the bed temperature was fixed to 110 • C, the extruder temperature was set as 240 • C and an infill percentage of 100% was specified. The sliced file was printed using an Omni3D printer, which offers a heated build plate and a full enclosure feature to withstand environmental changes that can affect the printing process of ABS [38] . The AMPS was printed in less than 5 hours, consuming 55.172 m of 1.75 mm diameter ABS filament. The equivalent plastic weight and cost for this length are 139.34 g and 2.09 USD respectively. It should be mentioned that the same level of gain is achievable using other methods, such as array antennas, which requires feed network. While the conjunction of 3D printing technology with the phase transformation technique does not require auxiliary circuit design and extremely low cost.
The printing time can be significantly reduced by increasing the layer height to the maximum, without sacrificing the AMPS performance. An octagonal raft of a uniform thickness of 2 mm was printed as the base of the AMPS, and four holes were introduced to accommodate spacers that hold the antenna and the AMPS together. A picture of the fabricated prototype of AMPS with ERA is shown in Fig. 10 .
To estimate the RF losses in the AMPS, the ABS material was characterised using an Agilent 85070e dielectric probe VOLUME 7, 2019 kit. For the characterisation, a cylinder having a 20 mm diameter and a height of 15 mm was printed out of ABS using above mentioned print settings. The sample was characterized within a frequency range of 1 to 20 GHz. The plots of dielectric constant for the printed samples in the frequency band are given in Fig. 11 . At the operating frequency of 11 GHz, the dielectric constant (ε r ) is 2.78, which is very close to the value reported for ABS in the literature [39] .
Measurements were performed in an NSI spherical nearfield chamber. The measured results of the AMPS with the ERA are in a reasonable agreement with the results predicted by simulations. The predicted and measured input reflection coefficients are shown in Fig. 12 . The measured 10 dB return loss bandwidth is 6.5%, from 10.8 GHz to 11.63 GHz. A drastic improvement in the radiation patterns of the antenna has been achieved as a result of the introduction of the AMPS. The measured peak far-field gain and directivity within the operating frequency band are plotted in Fig. 13 . The figure indicates that the highest measured directivity of 21.12 dBi is achieved at 10.9 GHz, but was 12.63 dBi without the AMPS. The far-field directivity patterns taken at four different frequencies for co-and cross polarization within the operating band are given in Fig. 14. At 11 GHz, even the largest side-lobe is below −2.5 dBi and is around 17dB less than the beam peak. The quality of the pattern in terms of beam shape, side-lobe level, and 3dB beam-width is excellent at the other three sampled frequencies shown in Fig. 14. 
VI. CONCLUSION
A low-cost and light-weight additively manufactured perforated superstrate with SCPs has been presented for ERA. The square perforations is nearly impossible to carve with traditional machining methods and can be easily done using additive manufacturing. SCPs have been used because they offer wider range of effective relative permittivity and transmission phase shift. The fabrication of superstrate takes five hours even with 100% infill density. The electromagnetic properties in terms of improving directivity of ERA is comparable to previously reported designs with added advantages of lowcost and rapid prototyping. 
